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E-mail address: tamyoshi@biken.osaka-u.ac.jp (T.Autophagosomes (APs) are unique organelles that enwrap cytoplasmic components when neces-
sary. APs then fuse with lysosomes and enclosed materials are degraded. Although approximately
30 autophagy-related genes (ATG) required for AP formation have been identiﬁed, fundamental
questions on the membrane source or dynamics during the formation remain unresolved. Here,
we present a comprehensive overview of the putative membrane sources identiﬁed to date.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Nutrient availability greatly inﬂuences cell growth and function
in all organisms [1,2]. Under extreme conditions, starvation re-
sponses including increased stress protein expression, down-regu-
lation of translation and repression of ribosome biogenesis [3] are
induced. In general, gene expression is tightly regulated under the
starvation conditions to maximize assimilation (e.g. amino acid
permease regulation) until the cell cycle arrests [4]. Degradation
is another important starvation response mechanism [5]. Two deg-
radation systems exist in cells, the ubiquitin–proteasome system
which involves in short-live protein turnover and the autophagy–
vacuole system (lysosome in mammalian cells) which involves in
long-lived protein turnover. For the starvation response, the
autophagy–vacuole system plays a major role in degradation. By
increasing protein turnover and availability of free amino acids
for protein synthesis and/or energy production, degradation is
essential for survival under starvation conditions [6]. Autophagy it-
self is a trafﬁcking pathway to deliver cytoplasmic components to
lytic compartments, vacuole/lysosome, where degradation takes
place (Fig. 1) [7,8]. Vacuole/lysosome subsequently serve as reser-
voirs for amino acids, phosphate, polyphosphate, many ions andchemical Societies. Published by E
e; AP, autophagosome; AB,
, electron microscopy; IM,
sphate
Yoshimori).other small degradative products [9] thus maintaining a stable
nutrient source for rapid adaptation to emergency situations.
Non-selective, autophagic transport of cytosolic components
for bulk degradation is common in all organisms. In mammals,
autophagy is critical to overcome short-term starvation condi-
tions that result immediately following placental detachment
during birth [10]. In addition to non-selective starvation-induced
transport, recent studies uncovered the selective transport of
bacteria/viruses, organelles, aggregate proteins via autophagy
indicating a critical role in neurogenerative diseases, antigen pre-
sentation, and cancer among others regardless of nutrient avail-
ability [11].
The membrane dynamics of autophagy differs substantially
from other vesicle trafﬁcking pathways. Whereas vesicles, average
size of 100 nm, have single lipid bilayer membranes and bud from
pre-existing organelles such as ER, Golgi, endosome (Fig. 1), the
double lipid bilayer membrane-bound autophagosomes (APs),
average size between 300 and 900 nm, are newly synthesized in
the cytoplasm in response to starvation [12]. Elongation of the
membrane gradually engulfs the cytoplasm resulting in a cup-
shaped structure that eventually fuses at the mouth to make the
spherical organelle [5,13].
Most of the seminal studies on the regulatory mechanisms of
autophagy were conducted on Saccharomyces cerevisiae. Non-
viable atg/aut mutants under starvation conditions lead to the
discovery of numerous autophagy-related genes (ATG) [14,15].
ATGs play speciﬁc roles including ubiquitin-like protein con-
jugation system, a protein lipidation system, protein kinaselsevier B.V. All rights reserved.
Fig. 1. Diagram of possible membrane sources for autophagosome.
M. Hamasaki, T. Yoshimori / FEBS Letters 584 (2010) 1296–1301 1297complexes and autophagy-speciﬁc phosphatidyl inositol 3-kinase
(PI3K) complex [16–19]. In addition, Tor (target of rapamycin)
was identiﬁed as the central factor maintaining the balance be-
tween protein synthesis and degradation thus controlling starva-
tion responses as well as growth state based on general nutrient
availability [3,20]. In yeast, ATGs are highly concentrated on the
pre-autophagosome structure (PAS) which appears as a small dot
near the vacuole [21]. Interestingly, most ATG orthologues are
present in mammalian systems, ATG localization is found on
the isolation membranes (IM, referred to as phagophore [22])
which maybe the correspondence of PAS in yeast. Size could ac-
count for this discrepancy in that the smaller yeast APs appear
as dots while the larger mammalian APs appear as ring-like
structures [23]. While the basic components regulating autoph-
agy are highly conserved across species, the precise mechanisms
of AP formation require additional investigation.
2. Membrane biogenesis of autophagosomes
Given that protein and membrane synthesis is reduced under
starvation conditions, the source of membrane components for
the newly-forming AP has been topic of great debate. Generally as-
sumed to originate from membranes of pre-existing organelles, the
exact source remains unclear. Autophagy non-selectively engulfs
cytoplasm and some organelles making speciﬁc identiﬁcation
exceptionally challenging.
Using histochemical marker enzymes and membrane measure-
ments of rat liver cells treated with glucagon, two groups sug-
gested the ER as the origin of the AP membrane in the 1960s
[24,25]. Both groups used glucose 6-phosphate (G-6-Pase)/ino-
sine-diphosphatase (IDPase), adenosine-triphosphatase (ATPase)
and thiamine-pyrophosphatase (TPPase) as markers for endoplas-
mic reticulum (ER), plasma membrane and Golgi apparatus,
respectively. Combined with the cycloheximide studies of Arstila’s
group, the G-6-Pase and IDPase signals indicated the autophagos-
omal membrane originated from existing ER. Osmium staining, a
technique for Golgi complex visualization, also resulted in osmio-
philia and acid phosphatase signal on the AP [26] indicating a Golgi
origin; however, ER also exhibits some osmium staining [27]. In
1990, Yamamoto’s group found that lectin binds to the autophag-osomal membrane suggesting the existence of type N and/or O-
linked oligosaccaride chains [28]. Various immunological marker
studies have also produced contradictory results mainly due con-
clusions being drawn from absent and/or non-speciﬁc signal [29].
Failure to detect P450, an ER marker on APs suggests a post-Golgi
source, while failure to detect integral plasma and Golgi membrane
proteins suggests an ER source. de novo formation or assembly of
AP was also proposed as an alternative model by locally synthe-
sized or transport of lipids [30]. The relatively smooth nature of
the autophagosomal membrane compared to other organelles
[31–34] likely indicates protein markers are not the ideal means
to identify membrane origin.
Nevertheless, recent studies suggest the ER as the main source
of autophagosomal membrane. In the next chapter, Dr. Ktistakis’s
group reports on the formation of the phosphatidylinositol 3-phos-
phate (PI3P) enriched omegasome near the ER under the starvation
conditions [35]. In this chapter, the physical connection between
ER and AP shown for the ﬁrst time using chemical ﬁxed samples
by EM-tomography will be discussed [36,37].
3. Involvement of ER–Golgi pathway in autophagosome
formation
In yeast, the ER–Golgi secretory pathway is required for AP for-
mation [38]. ER-Golgi transport is carried out by COP II (coat protein
complex II) consisting of Sec12p, Sec16p, Sec23p/24p and Sec13p/
Sec31p. Sec12p is a GDP/GTP exchange factor and functions in the
formation of COPII vesicles at the ER exit site [39]. AP formation
is completely blocked when Sec12p loses its functions via temper-
ature sensitive mutation [38]. The formation of the COPII coated
vesicle is initiated by the recruitment of GTP-Sar1p to the ER mem-
brane via Sec12p, followed by the sequential recruitment of
Sec23p/Sec24p sub-complex and Sec13p/Sec31p sub-complex
[40]. Interestingly, AP formation is also blocked in sec16, sec 23,
sec24 and sar1 ts mutant cells at non-permissive temperature.
Two other components of COPII vesicles, sec13 and sec31 tsmutant
cells, show no defect in AP formation since the ER-Golgi secretory
ﬂow was not blocked under such condition. Normally accumulated
in the ER at non-permissive temperature with ample nutrients, CO-
PII vesicle cargo proteins were found in Golgi modiﬁed form in
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starvation stress has somehow suppressed the secretory ﬂow [41].
Interestingly, over-expression of Sfb2p, the homologue of
Sec24p, in sec24 deletion mutant cells rescues ER–Golgi ﬂow with
no negative impact on autophagy suggesting that ﬂow, rather than
speciﬁc COPII vesicle components, may be the most important ER
factor affecting AP formation [41].
Further studies are required to clarify the speciﬁc roles of the ER
and COPII vesicles and their interaction with the PAS, IM and mem-
brane formation.
4. ER–autophagosome connection
Utilizing 3D electron tomography instead of 2D EM to observe
thicker sections, Hayashi-Nishino et al. and Yla-Anttila et al. con-
ﬁrmed the physical connection between the ER and the AP
[36,37]. Hayashi-Nishino et al. used 200 nm to 1 lm thick sections
of samples which are obtained from wild-type cells as well as mu-
tant cells (Fig. 2). Fujita et al. [42] have previously reported the mu-
tant of Atg4B (Atg4BC74A) which shows a defect in AP closure
despite the presence of IM structures. Hayashi-Nishino et al. found
70% of IMs were associated with the ER (named ER–IM complexes)
in these mutant cells. Although occasionally observed in control
cells, these ﬁndings suggest the ER–IM complexes are an important
early stage of AP formation.
Immunolabelling was performed on the thin slice sections using
antibodies against ER (anti-PDI) and against IM (anti-Atg16L). Anti-
PDI stained both membranes that sandwiched IM (Fig. 2) whereas
anti-Atg16L only labeled the inner membrane. Tomographic 3D
reconstruction of the resulting data showed a spherical ER struc-
ture existed in both outside and inside of the IM structure. Differ-
ing substantially from the normal ER structure, this spherical
structure is considered a sub-domain of the ER. Both Hayashi-Nish-
ino et al. [36] and Yla-Anttila et al. [37] presented results that sug-
gested the IM is a forming AP cradled between two ER membranes.
Moreover, ER–IM connection was observed in the cradle by the
narrow tubular extension (Fig. 2). The only notable difference be-
tween the two reports was a single point (Hayashi-Nishino et al.)
versus multiple connections (Yla-Anttila et al.) between the ER
and IM.
Direct connections between the ER and IM via narrow tubular
form could well be an artifact since cells are chemically ﬁxed.
TEM taken on chemically ﬁxed cells show ER near APs more fre-
quently than high-pressure freezed ﬁxed cells (unpublished data),
thus 3D electron tomography study should be performed on high-
pressure freezed cells in future. It would also increase resolution to
study details of ER–IM structures.
Based on these independent and simultaneous reports, the AP is
likely formed as a sub-domain of the ER gradually transformed into
a layered spherical structure. Labeled the omegasome, Axe et al.
identiﬁed a structure near or a part of the ER that is characterized
by PI3P and ATG protein accumulation in response to starvation
[35,43]. The authors suggest that the accumulation of PI3P alters
the curvature of ER thus creating the sub-domain required for AP
formation. The omegasome marker DFCP-1 which contains PI3P-
binding domain localizes to the ‘‘cradle” (ER–IM complex) de-
scribed in Hayashi-Nishino’s paper [36] strongly suggests that
the omegasome and cradle structure are one in the same. Further
studies are required to determine the PI3P enrichment mechanism
for a very speciﬁc region of the ER.
5. Identiﬁcation of Atg14L
A class III PI3-kinase, Vps34, phosphorylates phosphatidylinosi-
tol to form PI3P, and is essential for autophagy. In yeast, twoVps34p complexes have been identiﬁed. PI3K complex I containing
Atg6, Atg14, Vps34 and Atg15 is speciﬁcally required in autophagy.
PI3K complex II containing Atg6, Vps38, Vps34 and Vps15 func-
tions in the vacuolar protein sorting pathway [19].
Beclin-1, a mammalian homologue of Atg6, also forms a kinase
complex with Vps34 and p150 (Vps15). An Atg14 homologue has
not yet been identiﬁed. Yeast and mammalian PI3-kinase com-
plexes differ in the number of binding proteins available to the Be-
clin-1/Atg6p homologue. In yeast, Atg6p forms two PI3-kinase
complexes. In mammals, Beclin-1 also forms a PI3-kinase complex,
but has more than 10 binding partners.
Beclin-1, an essential protein for autophagy, was originally
identiﬁed as a Bcl-2 binding protein [44]. Beclin-1 binds to Ambra
1 [45], Bif-1 [46], and VMP1 [47] to up-regulate and to Bcl-2 [48],
ICP34.5 [49], and M11 [50,51] to down-regulate autophagy,
although the precise regulatory mechanism of Beclin-1 remains
unknown.
Given the critical involvement of PI3P in yeast autophagy, Be-
clin-1 was used as bait to identify mammalian PI3K complex com-
ponents. Utilizing MEF (myc-TEV-Flag)-tag afﬁnity puriﬁcation
[52], Matsunaga, et al. isolated 5 Beclin-1 binding proteins:
Vps15, Vps34, UVRAG and two unidentiﬁed proteins. One, previ-
ously reported by Itakura et al. [53] and Sun et al. [54], was named
Atg14L (yeast Atg14-like) due to its limited similarity to yeast
Atg14. The second named Rubicon (Run domain protein as Be-
clin-1 interacting and cystein-rich containing) has no homologue
in yeast system thus represented a novel protein in mammalian
autophagy systems [52]. Zhong et al. simultaneously identiﬁed
Atg14L and Rubicon [55].
Atg14L localizes to IM and APs when autophagy is induced.
RNAi knock down of Atg14L inhibits recruitment of Atg16L and
LC3 to IM and AP, respectively [52,53,55]. Combined with the loss
of autophagic activities in Atg14L knockout MEF cells, these results
suggest the Atg14L complex is probably the equivalent of the yeast
PI3-kinase complex I. Interestingly, a diffuse Atg14L signal was also
found in ER under nutrient rich conditions.
6. Member of Beclin-1 complexes
Immunoprecipitation, gel ﬁltration and binding assays identi-
ﬁed three types of Beclin-1 complexes: a complex involved in
autophagy similar to PI3-kinase complex I (Beclin-1, Atg14L,
Vps34 and p150), a complex involved in the endocytic pathway
and fusion between AP and lysosome similar to PI3-kinase com-
plex II (Beclin-1, UVRAG, Vps34 and p150) and a mammalian-spe-
ciﬁc complex which inhibits the endocytic pathway and fusion
between AP and lysosome (Beclin-1, Rubicon-UVRAG, Vps34 and
p150) [52–55].
The coiled-coil domain of Beclin-1 binds both Atg14L and UV-
RAG suggesting their key role in the function of Beclin-1 com-
plexes. Matsunaga et al. determined omegasome formation near
the ER depends on Atg14L under starvation conditions. When
Atg14L is depleted, DFCP1 positive structure disappears (Matsuna-
ga et al. unpublished). Combined with other data suggesting
Atg14L localization on the ER is critical for its function, these ﬁnd-
ings support the following scenario regarding AP formation;
Atg14L recruit Vps34 to the speciﬁc ER domain triggering a rise
in the local level of PI3P and IM formation (Fig. 3).
Recently, Vergne et al. reported that the myotubularin family
protein jumpy (MTMR14) negatively controls AP formation [56].
The myotubularin (MTM) family are PI3-phosphatases having
speciﬁcity for PI3P and PI (3,5)P2. Moreover, Taguchi-Atarashi
et al. showed that MTMR3 found on the ER also plays a role in
AP formation [57]. Knock down of MTMR3 or over-expression of
the dominant-negative inactive form of MTMR3 increases AP for-
Fig. 2. (top, middle) Electron tomographic reconstruction of ER–IM complex in NIH3T3 cells. (top left); ER sandwiching IM. (top right/middle); ER–IM connection site.
(bottom) Possible model for ER involvement in autophagosome formation in mammalian cells. IM can be extending from the tip of ER, ER itself, or possible other places. The
ER–IM connection could be an aftereffect of autophagosome formation. All pictures are reproduced from Hayashi-Nishino et al. [36].
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mation of signiﬁcantly smaller nascent APs and a net reduction in
autophagic activity. Interestingly, the mutant MTMR3 partially
localized to APs and the site of AP formation marked by GFP-DFCP1
and GFP-WIPI-1a (WIPI49/Atg18; a PI3P-binding protein). Previ-
ous studies utilizing wortmannin also suggested PI3-kinases
involvement in AP formation [33]. These results indicate that
autophagy initiation depends on the balance between PI3-kinase
and PI3-phosphatase activity at the site of AP formation on or near
the ER.
7. Other possibilities of membrane sources
Of the over 30 genes identiﬁed as autophagy-related proteins,
Atg9p is the only integral membrane protein. Atg9p contains 6 or8 putative transmembrane domains and is reported to cycle be-
tween PAS/IM and pre-existing organelle. Consequently, it is an
ideal marker candidate to identify the origin of AP membrane.
Mammalian Atg9 (mAtg9) is located on the trans-Golgi network
(TGN) and endosomes [58]. In yeast, Atg9p localization is thought
to cycle between the PAS and many vigorously moving vesicles
within the cytosol. Reggiori et al. originally suggested the possible
co-localization of Atg9p vesicles with mitochondria [59]. Their re-
cent review proposes that Atg9p is delivered onto vesicles forming
from or existing around mitochondria located near the ER then cy-
cle back and forth to the PAS [60]. Co-localization studies in mam-
mals also suggest mitochondrial involvement; however, further
characterization is required.
More convincingly, mAtg9 has also been shown to localize on
the TGN, Rab9 and Rab7 positive endosomes and cycle similar
Fig. 3. Possible model for how PI3-kinase complex functions in autophagosome formation. Activation of PI3-kinase complex at the ER speciﬁc domain increases PI3P level
locally and forms the autophagosome cradle.
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requires certain Atg proteins. Genetic studies revealed that when
expression of such ATG is suppressed, mAtg9p strongly localizes
on the TGN. Although the regulatory mechanism of Atg9p cycling
needs further examination, Atg9p localization strongly suggests
the TGN/endosome as a potential source of autophagosomal
membranes.
Using cytotoxic stressors, a recent study also suggests the TGN
as a possible membrane source in Atg5/Atg7-independent alterna-
tive autophagy [61]. APs form under starvation conditions in Atg5
knockout cells to a lesser extent than control cells. Autolysosomes
formed by induction with cytotoxic stressors in Atg5 knockout
cells co-localize with various organelle markers, mannose 6-phos-
phate receptors (TGN and late endosome marker), TGN38 (TGN
marker), Rab9 (TGN and late endosome marker) and syntaxin 7
(late endosome marker) suggesting TGN and late endosome mem-
brane involvement in AP formation. Knock down of Rab9 reduces
the formation of autolysosomes and increases accumulation of
IM structures. EM studies show the increased localization of Golgi
near most alternative APs. Taken together, these results indicate a
critical role of the TGN in alternative autophagy.
Further characterization of the key differences between conven-
tional and alternative autophagy may provide critical insight into
the overall mechanism of AP formation.
8. Discussion
While the exact mechanisms of AP formation remain unknown,
recent studies have shed light on potential membrane sources, crit-
ical gene products and early morphological changes. To conserve
energy under extreme conditions, AP membranes are likely recy-
cled from existing organelles, particularly the ER; however, de
novo lipid synthesis still remains as a possible mechanism.
The cradle/omegasome model suggests accumulation of Atg14L
complexes and PI3P locally leads to changes in ER membrane cur-
vature creating a special sub-domain that represents the site of AP
formation (Fig. 3). If this model is correct, mature AP would contain
a piece of ER. In yeast, all of APs and autophagic bodies observed
contained a piece of RER [62].Alternative autophagy studies suggest important roles for the
TGN and endosomes in AP formation. Despite these advances, con-
siderable work remains to unlock the mysteries of the simple un-
ique membrane organelle known as the AP.Acknowledgements
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